Vinyl fluoride reacts with strong bases to afford 1-fluorovinyl anion (la) and a fluorideacetylene cluster (lb). The former ion can be prepared independently, and cleanly, by the fluorodesilylation of l-(trimethylsiIyl)fluoroethylene.
S ubstituent effects have been examined extensively in the gas phase and have provided a wealth of data [l] . Relatively few studies, however, have involved subs&rents directly bound to a carbanionic center. This is surprising because one would anticipate the largest perturbations in these instances. As a result, we recently investigated a series of l-substituted ally1 anions which contain (rwithdrawing and r-donating groups, i.e., OCH,, N&H,), and F [Z] . These electronegative substituents were chosen because they can stabilize carbanions inductively and destabilize them via electron-electron repulsion, The two contlicting tendencies offset each other, as they do in the analogous benzyl and acetonitrile derivatives [3, 41,' in that the basicities are essentially the same as the unsubstituted ion. One exception to this trend is CHF=C(CHs) O-[5] , but in this case the lone-pair-lone-pair repulsive interaction is sisnificantly diminished because the negative charge is located primarily on the oxygen atom. To ascertain the generality of these effects and explore them further, we decided to investigate a localized anion. Vinyl fluoride (1) is of interest in this regard.
More than a decade ago, Sullivan and Beauchamp [6] reported that vinyl fluoride can be deprotonated by strong bases. The resulting M-l ion was assumed to be the conjugate base (CH,=Cl-, la) , but this structural assignment was based on nothing more than expectation and intuition. In subsequent years, found that fluoride readily hydrogen-bonds to a wide variety of compounds including simple olefms. This information, along with ab initio molecular orbital calculations, led Roy and McMahon [7b] to reevaluate some of the early ion-molecule reaction literature. In particular, they suggested that bases induce an elimination react& in 1, and that the resulting M-l ion is a fluoride-acetylene hydrogen-bonded complex (H-CEC-H . . . F-, lb) . In this article these two apparently conflicting proposals are resolved, and structural, reactivity, and thermodynamic data on the M-l ion derived from vinyl fluoride are presented.
Experimental
These studies were carried out with a variable-temperature flowing afterglow apparatus which has previously been described [8] . Helium was employed as the buffer gas and flow tube pressures of 0.3-0.4 torr were utilized during these room temperature experiments. Reactant ions were generated by electron impact on NH,, N20 and U-I, (-1:2), N,O, MeONO (generated in situ) [9] , (t-BuO),, and NF, to afford NH;, OH-, O-', MeO-, t-BuO+, and F-, respec-tively. All other ions were prepared by proton abstraction from the corresponding conjugate acid unless otherwise noted.
All of the compounds used in this study were obtained from commercial suppliers except for l-(trimethylsiJyl)fluoroethylene [CH,=C(TMS) (5.0 g, 28 mmol) in THE (8 mL) was added dropwise so as to maintain a gentle reflux. The stirred solution was heated for 1 h at 65 "C, cooled to 0 "C, and diluted with THF (10 mL). N-Fluoro-2,4,6-trimethylpyridinium triflate (8.1 g, 28 mmol) was then added in several portions over 20 min, and the resulting solution was kept at 0 "C for 30 min and then at room temperature for 1 h. The reaction mixture was quenched with 5% aqueous HCl (50 mL) and diluted with pentane (50 mL). The aqueous layer was extracted with pentane (2 x 15 mL) and the combined organic material was rigorously washed with H,Q (12 x 40 mL) to remove the residual THF. The resulting solution was dried over anhydrous MgSO,, concentrated via an atmospheric distillation (Vigreaux column), and the residue was found to consist of a -2:l ratio of 1-(trimethylsilyl)fluoroethylene to vinyltrimethylsilane.
Preparative gas chromatography (20% SE-30, 30 'C) afforded 550 mg of the volatile product (2, boiling point -65 "C estimated) in a nonoptimiied yield of 17% (note: this reaction is much less efficient in Et@). IH-nuclear magnetic resonance (NMR) (300 MHz, CDCl,) S 5. 23 (lH, dd, J = 33.6 
Results
Vinyl fluoride reacts with a variety of bases to afford, among other products, an M-l ion (m/z 4.5). The structure of this species need not be the same in every case, and therefore several diagnostic reactions were carried out in a number of instances. The results are presented below, and for the most part are organized in terms of the reacting base which was used. whereas N20 and O2 do not. The product distributions given in eqs 2-4 vary depending upon the base which is used to generate the M-l ion. It is also worth noting that the reaction with CS, can potentially lead to two products, sulfur-atom tiansfer and hydride transfer (C,H,FSand HCS;) , with the same nominal mass. They can be distinguished on the basis of their different isotope ratios at m/z 77, 78, and 79 *All product distributions (branching ratios) were obtained by exfrapolating back to zero flow of the neutral reagent.
Amide
The formation of NH: is always accompanied by OH-in OUT apparatus due to the presence of trace water and/or oxygen imptities. Since hydroxide reacts with 1 to a&rd, in pati, a fluoride-water hydrogen-bonded complex, this ion Is always present to some degree.
(calculated 100:2.7:8.8 for HCS; and lCKb3.014.4 for case, the reactivity with COS was found to be very C,HFS-; observed 100:3.5:4.8), but the presence of similar to the ion generated from OH-(eq 3). In the some HCS; cannot be completely ruled out.
latter instance, the reactivity was not probed because the dominant product is an M-2 ion (m/z 44, eq 8).
An abundant M-l ion, an equal amount of F-s H,O, m/Z 19 44 4s and traces of F-and acetaldehyde enolate are pro--13% 75% 13% duced from the reaction of OH-with 1 (eq 6).
Weaker bases such as F-, t-BuO-, and EtO-were OH-1 -F-+ F-HI0 + CHr=CHO-t M -I also examined, but they do not react with 1 to give an trous oxide and molecular oxygen do not react with the M-l ion, but CO,, COS, and CS2 give the products shown in eqs 2-4. All of these reactions were also examined at 200 'C, and the only noted difference is that hydride transfer appears to be the favored product with carbon disulnde rather than sulfur-atom transfer. This conclusion is based upon the isotope distribution, which is 100:3.6:7.8 at m/z 77, 78, and 79.
Methoxide
Fluoride reacts cleanly and efficiently with 2 to afford a major product at m/z 45, and two minor ions at m/z 91 and 111 (eq 9).
The hrst of these species readily deprotonates MeOD and fluorobenzene, but inefficiently abstracts a proton from H,O to yield onIy a little OH-. Likewise, deuterium oxide reacts with the m/z 45 ion to afford a trace of OD-(m/z 18), a small amount of a single hydrogen/deuterium exchange (m/z 46), and F-a D,O (m/z 39) as the dominant product. If the reaction with H,O is carried out to partial conversion and A facile reaction occurs between 1 and MeO-, but it is the remaining m/t 45 ion is interrogated with CSr, dficult to generate the M-l ion and only a little is two products are formed as in eq 4. Ion la, however, formed (eq 7). reacts with CO,, COS, CS,, and SO, (eqs 10-13)
MeO-
48% 510
46%
The intensity of this ion was maximized, but under the optimum conditions for its formation a significant amount of methoxide was also present in the flow tube. This made it difficult to study the reactivity of the M-l ion, nevertheless, we were able to show that it does not react via sulfur-atom transfer with COS. At higher temperatures, such as 200 'C, it is considerably easier to generate the M-l ion, and some sulfuratom transfer occurs with COS. 
Miscellaneous Bases
so, -FS02- (13) Strong bases such as fluorophenide and the atomic oxygen ion [AH,,, (HO) = 382.2 kcal mol-') [4] react in a different fashion than the M-l generated by proton abstraction from 1. In particular, the former with vinyl fluoride to afford an M-l ion. In the former does not undergo any fluoride transfer with CS,, and
RABASCO AND KASS J Am Sot Mass Spechom 1992,3,91-96
only minor amounts with CO, and COS. The reaction with sulfur dioxide is also characteristic.
Calculations
Ab initio molecular orbital calculations have previously been carried out on the conjugate base of vinyl fluoride (la), and the isomeric fluoride-acetylene hydrogen-bonded cluster (lb) [To]. These computations have been repeated and supplemented at a sign& cantly higher level of theory using Gaussian 90 [13] . Geometries were optimized at Hartree-Fock and correlated levels using the 6-31+ G* and Ml??./6-31+ G* basis sets (Table 1) [14] .4 Both methods include polarization functions and diffuse orbitals, which are necessary to adequately describe negative ions and molecules with atoms of differing electronegativity [15] . The resulting geometries are in good accord with the previous work on acetylene, vinyl fluoride, and l-fluorovinyl anion (la), but differ substantialiy for the cis and trans-2-fluorovinyl anions (lc and Id) and their respective elimination transition states (TS,, and TS,,,).
Analytical frequencies were computed (6-31+ G*) to ensure that each structure corresponds to a minimum on the potential energy surface (no imaginary frequencies) or a transition state (one negative frequency), and to obtain zero-point vibrational energies. Electron correlation was incorporated into the energy calculations by using second-, third-, or fourth-order
Mdller-Plesset perturbation theory [14d,e]. Larger basis sets were also used in a few cases to obtain more reliable energies (Table 2) .
Discussion
Vinyl fluoride can be deprotonated by strong bases such as amide or hydroxide. Two different structures have previously been suggested for the resulting M-l ion (C,H,F-, m/z 45), but neither was examined experimentally. Sullivan and Beauchamp [6] proposed that the product is 1-fluorovinyl anion (la), and that it arises from simple acid-base chemistry.
Almost a decade later, Roy and McMahon [7b] postulated that the M-l ion is a hydrogen-bonded structure,
. . F-(lb), and that it comes from an elimination reaction. These two isomers have very different bonding arrangements, and should be readily distinguished from each other. For example, it is reasonable to anticipate that lb will undergo facile solvent switching reactions (fluoride transfer) since it is a cluster ion, whereas the covalently bound species, la, will not. The latter ion, on the other hand, should undergo characteristic reactions with reagents such as CO,, COS, CS,, and SO,, which lb is incapable of undergoing [16] .5 Based on these expectations, we suggest that the formation of sulfur-atom and fluoride transfer products (eqs 3 and 4) indicate that both la and lb are formed from the reactions of strong bases with vinyl fluoride.6 Support for this conclusion was obtained by carrying out an independent preparation of la (eq 9) [8, 171 and probing its reactivity.7 Consistent with our interpretation, la generated by the fluorodesilylation of 2 undergoes sulfur-atom transfer with COS and CS,, and only leads to a minor amount of fluoride transfer with the former reagent.
The acidity of vinyl fluoride can be assigned having established the structure of la. Strong bases such as amide, hydroxide, and fluorophenide deprotonate 1, as ascertained by the reactivity of the conjugate base, whereas methoxide and weaker bases do not. At elevated temperatures, 200 OC, MeO-reacts with 1 to afford some 1-fluorovinyl anion. This result is in accord with the earlier work of Sullivan and Beauchamp [6] , and clearly indicates that vinyl fluoride is less acidic than methanol. The conjugate base, la, will abstract a proton from fluorobenzene, methanol, and stronger acids, but is extremely inefficient in deprotonating H,O. Therefore, the acidity of vinyl fluoride must be very similar to fluorobenzene's, and we assign AH,,
(1) = 387 +Z 3 kcal mol-'. This represents a remarkable acidifying effect for a fluorine atom, 22 kcal mol-' [18] ,s and is far larger than any other which has been reported.
It also stands in sharp contrast to ally1 and benzyl fluoride which are no more acidic than their corresponding hydrocarbons j2, 31.
To gain further insight into the unusually large substituent effect observed for vinyl fluoride, ab initio molecular orbital calculations on F-, acetylene, 1, la, and lb were carried out using Gaussian 90 (Tables 1  and 2 ) [13] . Full geometry optimizations were performed at Hartree-Fock and correlated levels using the 6-31+ G* and MP2/6-31+G* basis sets 1141 and standard gradient techniques.
Each structure was characterized by its vibrational frequency, and electron correlation was accounted for in the energy calculations. The resulting deprotonation energy for vinyl fluoride was found to be in very good agreement with experiment upon correction for the zero-point vibrational energy (384.5 (MP2), 385.1 (MP2/6-31 +G*), and 387 + 3 (experimental) kcal mol-'). This level of accuracy (&2-3 kcal mol-') is fairly common for calculations of this type on a wide variety of compounds.
The dissociation energy of the fluoride- (15) calculatrd : this makes it difficult to further assess these calculations. It is worth noting though, that the last comparison (eq 15) appears to be reasonably well reproduced at the Hartree-Fock and MP3 levels, but not with second-or fourth-order M@ler-Plesset theory [19] "The reaction enthalpy does not change very much when correlated p eometries (MP2/6-31 +G*) are employed (7.0 and -1.1 kcal molt at the 6-31+ G*//Ml'2 J&31+ G* and MP2/6-31+ G* levels). Table 2 . Calculated ener+s, acidities, and hetemlytic bond strengthsa fluoride are in excellent accord with the experimental data obtained by microwave spectroscopy (Table 1) [20]. Structures for la and lb are unknown, but the computed results are quite revealing. The fluorideacetylene complex, lb, is an unsymmetrical hydrogen-bonded species in which the bridging hydrogen is closer to carbon than fluorine (1.122 versus 1.564 A). The C-H bond distance is perturbed, and is elongated by 0.064 A. This structure seems reasonable in that the more basic fragment, acetylide (C,H-) of 1 leads to a dramatic lengthening of the C-F bond (0.103 A) and a shrinking of the F-C-C angle (13.8") in lal'TE. These changes help to minimize the interaction between fluorines 2p-electrons and the negative charge. This diminishes the r-donating effect of the fluorine, and leads to an especially large inductive stabilization (22 kcal mol-') . Vinyl methyl ether displays similar behavior, but the results are not as dramatic. In contrast, delocalized ions such as ally1 and benzyl fluoride (CH 2 = CH-CHFand C,H,CHF-) show no substituent effect [2, 3] , and the stabilization energy for the fluoromethyl anion (CHIF-) is much more modest (7.4 f 4 kcal mol-I) [21] . Presumably, this is because the repulsive lonepair-lone-pair interaction cannot be reduced as effectively as in the l-fluorovinyl anion (la). It is worth noting, however, that calculations indicate that FCOis stabilized by 48.6 kcal mol-' [22] .
Given the large acidifying effect of a fluorine atom at the cY-position in vinyl fluoride, it seemed worthwhile to examine the effect at the &position. Geometry optimizations at the 6-31e + G* and MP2/6 -3l+ G* levels leads to ions of vastly different structure, but the relative energies are much less sensitive to the basis set. The acidities of the &protons are similar to each other [ trans, 387.8 (MP2) and 387.4 (MP2/6-31+ G*); cis, 389.6 (MP2) and 390.0 (MP2/6-31+ G*) kcal mol-'1 and the more acidic site, &trans, differs from the a-position by only 3.4(2.4) kcal mol-'. These results suggest that la might undergo hydrogen/deuterium exchange with the appropriate reagent. However, when la is prepared independently via fluorodesilylation (eq 9) and it is allowed to react with D,O, isomerization to lb occurs (as verified by its reaction with C'S,). A reasonable mechanism for this process is given in Scheme I, and it may or may not involve a &fluorovinyl anion (lc and ld). The stability of these species was evaluated by locating the transition states for the elimination of F-. The barriers vary considerably with the extent of electron correlation, but it appears, as previously reported [23] that the activation energy for syn-elimination is greater than for the anti pathway by -8 kcal mol-I. It also seems likely that the /?-truns anion (Id) will be unstable with respect to fluoride loss at room temperature. 
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The @is isomer (lc) may also be unstable at room temperature, but given the larger barrier it undoubtedly can be generated. In fact, we cannot entirely rule out the possibility that some of this ion is formed when vinyl fluoride is deprotonated with strong bases. Finally, it is interesting but puzzling to note that the conjugate base of acrylonitrile (CH,CCN-), in contrast to la, undergoes two hydrogen/deuterium exchanges and does not eliminate CN-despite the fact that cyanide is a much better leaving group than fluoride.
Conclusions
Vinyl fluoride reacts with a number of strong bases to afford 1-fluorovinyl anion and a hydrogen-bonded cluster between fluoride and acetylene. These ions were identified based upon their reactivity, an independent preparation of la, and ab initio molecular orbital calculations. These results, therefore, resolve the apparent discrepancy between Sullivan and Beauchamp [6] and Roy and McMahon [7b] and indicate that both groups were correct. The acidity of vinyl fluoride was measured (387 f 3 kcal mol-r) and is 22 kcal mol-' more acidic than ethylene. This unusually large substituent effect can be accounted for by inductive stabilization and geometric changes which minimize electron-electron repulsion. Computations on the 2-fluorovinyl anions have also been carried out, and these species are found to be only slightly less stable than la. Both ions appear to be relatively labile with respect to fluoride elimination, but the cis isomer (lc) has a larger computed barrier and appears to be an attractive synthetic target.
